The objectives of this study were (a): to define the effects of light, dark, and temperature on nodule activity (acetylene reduction), and (b) to establish the contributions of reserve carbohydrate and recent photosynthate to the support of nodule function. An in situ assay of nodule activity was developed for use with intact, hydroponically grown soybeans (Glyeine max IL.l Merr. cv. Calland).
sustained throughout the 24-hour dark period. Thus, nodule activity was independent of short term dark periods but dependent on temperature; nodule activity was decreased at the lower temperature.
Temperature also affected the nodule activity of plants maintained in the light. Exposure of shoots and roots of intact plants to the lower temperature (5 hours at 18 C) during the light period resulted in a marked decrease in nodule activity, compared with that of plants maintained at 27 C. Exposure of only the shoot portion to 18 C (roots were maintained at 27 C) resulted in a similar decrease in nodule activity.
Nodules of plants exposed to 10 days of diurnally variable dark, light, and temperature had high activity in the light at 27 C and low activity in the dark at 18 C. Nodule activity of plants at a constant 27 C was not affected by diurnafly variable dark and light exposure throughout the 10-day period, altbough activity generally increased with time due to increased nodule mass. At a constant 27 C, nodules of intact plants in continuous dark sustained activity through 72 hours before declining to zero by 7 days. At diurnally varying 18 and 27 C in continuous dark, peak diurnal nodule activity was sustained through 5 days, and then declined to zero by 8 days.
Analyses of the carbohydrate content of tissue harvested from this study suggested use of reserve photosynthate (primarily of shoot origin) in support of nodule activity in the absence of concurrent photosynthesis.
(CO2 enrichment, supplemental light) produced increased nodule activity. Nodule activity was also enhanced in studies that decreased competition by alternate sinks for limiting photosynthate (partial pod removal). Consistent with these results, treatments that decreased net photosynthesis (defoliation, shading, lodging) reduced nodule activity significantly. In addition, seasonal profiles of soybean root nodule activity have generally illustrated diminished activity during reproductive growth (i.e. periods of high competition for photosynthate) (6, 10, 18) . In these studies the effect of extended change in photosynthate availability on nodule activity has been demonstrated. However, the response of nodule activity to short term (e.g. diurnal) change in photosynthetic activity has not been well defined. Hardy et al. (9) and Bergersen (1) have reported diurnal variation in soybean root nodule activity (C2H2 reduction), with observed maximal levels at periods of maximum light intensity in the field. In contrast, Fishbeck et al. (4) , Hardy et al. (9) , and Hart (12) have observed no diurnal change in the nodule activity of soybeans cultured in controlled environment conditions. Other studies have demonstrated diurnal variation in nodule activity (C2H2 reduction) to be dependent upon diurnal change in air temperature as well as light treatment (18) .
Mederski and Streeter (16) have also observed diurnal variation in nodule activity (C2H2 reduction); activity in the dark was at or above 50o of the maximum rates measured during illumination.
Other diurnal studies have also demonstrated the maintenance of a basal level of nodule activity during dark exposure (1, 4, 9, 12, 18) . These results suggest that diurnal fluctuation in nodule activity (C2H2 reduction) may reflect a change in the composite contribution of recently produced and reserve photosynthate to the support of nodule activity. The significant input of reserve photosynthate in support of nodule activity has been further demonstrated by numerous studies in which the C2H2 reduction activity of detached nodules and of excised nodulated roots has been measured (1, 2, 7, 10, 15, 18) .
The objectives of the present study were to define the effects of diurnal variation in light, dark, and temperature on soybean root nodule activity (C2H2 reduction) and to establish the contribution of reserve carbohydrate to the support of nodule function in the absence of concurrent host photosynthetic activity.
The nitrogenase-catalyzed reduction of N2 by root nodules of soybean (Glycine max [L.] Merr.) depends upon host-plant photosynthesis to provide substrate for the generation of energy and reductant (3) . Fixed carbon must also be supplied for the incorporation of reduced nitrogen into amino acids (19) . Consistent with these requirements, Hardy and Havelka (8) 
Effect of Extended Dark and Temperature Treatments on Root
Nodule Activity (C2H2 Reduction). Plants from the diurnal study previously described were also used to measure the effect of extended dark and temperature treatments on root nodule activity (C2H2 reduction). In this study the four light, dark, and temperature treatments imposed for the previous diurnal study were continued for a 10-day period. Root nodule activity (in situ C2H2 reduction) was monitored throughout the 10-day period by measurements made twice daily. Measurements were made as previously described, at 5 and 19 h during each 24-h period (i.e. at 5 h after the beginning of 18 C and at 5 h after the beginning of 27 C).
Carbohydrate Determinations. Plants harvested from the extended light and temperature study (at 10 days) were separated into nodule, root, and shoot fractions. Tissue was dried to constant weight in an oven at 70 C and ground through 20- other studies (1, 9, 16, 18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -. -. 
SCHWEITZER AND HARPER
Effect of Shoot and Root Temperature on Nodule Activity. To define more closely the effect of temperature on soybean root nodule activity we studied the independent effects of shoot and root temperature on the root nodule activity of intact plants. Nodules of plants with both shoot and root temperatures at 18 C had marked reduction in activity relative to that of the nodules of control plants with shoot and root temperatures at 27 C (Table I) . A similar reduction in activity of the root nodules of intact plants was observed when shoot temperature was reduced to 18 C and root temperature was maintained at 27 C. These results suggest that shoot temperature is critical to the temperature effect on nodule activity observed in the previous diurnal studies (Figs. 2   and 3 ). In addition, shoot tissue is implied as a primary source of carbohydrate reserves for the apparent temperature-mediated support of nitrogenase activity in the short term absence ofconcurrent photosynthesis. The observations support previous studies (18) that have correlated air temperature with change in nodule activity (C2H2 reduction).
The measured effect of shoot temperature on root nodule activity may be due to temperature-mediated availability and transport ofreduced carbon (e.g. sucrose). Given that long distance transport is an active process, temperature may influence translocation directly. Decreased sucrose translocation has been demonstrated for soybean with stems at an extreme low (O C) temperature (21) . Alternatively, translocation may be regulated indirectly by restriction of the availability of sucrose for leaf export or by the slowing of vein loading in the source leaf. Wardlaw (22) (Fig. 2) , nodules of plants exposed to 10 days of diurnal variation in dark, light, and temperature had corresponding variation in activity (Fig. 4) . Activity was high at 27 C in the light and low during exposure to 18 C in the dark.
In contrast, nodules of plants exposed to diurnally varying dark and light at a constant temperature (27 C) maintained a relatively constant level of activity through a 24-h period, independent of dark and light exposure (Fig. 4) . The general increase in activity of the root nodules over the 10-day period in this environment reflected an increase in nodule mass. These results, consistent with those previously reported (Figs. 2 and 3) , further suggest that the temperature-mediated use of carbohydrate reserves may effectively support nodule activity (C2H2 reduction) in the short term absence of concurrent photosynthesis. Effect of Extended Exposure to Diurnal Variation in Temperature in Continuous Dark. Nodules of plants exposed to 10 days of continuous dark at diurnally varying temperatures had corresponding diurnal variation in activity through 5 days (Fig. 5) . Nodule activity during 27 C exposure periods was sustained for 5 days at the level measured for the photoperiod preceding dark exposure and then steadily declined to zero at about 8 days.
In contrast, root nodules of intact plants exposed to 10 days continuous dark at constant 27 C sustained the level of activity measured for the preceding photoperiod through only 3 days (Fig.  5) . Subsequently, nodule activity rapidly declined to zero at 7 days. The more rapid decline of nodule activity observed for darkexposed plants at constant 27 C temperature suggests a more rapid depletion of reserve carbohydrate than that occurring in plants in continuous dark at diurnally varying temperatures. This suggestion is consistent with the elevated rates of dark respiration generally associated with sustained high temperature. Hofstra and Hesketh (13) (Fig. 5) . In plants cultured in different environments, nodule activity declined after only a few hours of dark exposure (1, 9) .
Dry Matter Accumulation and Carbohydrate Analyses of Harvested Tissue. Exposure of plants to 10 days of continuous dark significantly decreased dry matter accumulation relative to that in plants exposed to diurnally varying dark and light (Table II) . The detrimental effect of continuous dark on dry matter accumulation was evident within both the constant (27 C) temperature treatments (diurnally varying light and dark versus constant dark) and in the diurnally varying (18/27 C) temperature treatments (diurnally varying light and dark versus constant dark). In addition, levels of total (nonstructural) carbohydrates were decreased in shoot, root, and nodule tissue of plants exposed to constant dark, relative to that of plants exposed to diurnally varying dark and light (Table II) .
The effects of temperature, dark, and light treatments were found to interact significantly in mediating the accumulation of sugar and starch in shoot tissue harvested from the extended (10-day) studies (Table II) . The 10-day exposure to continuous dark resulted in decreased sugar and starch content in dark-treated shoots relative to that measured in the diurnal dark/light-treated controls. Decreased sugar and starch content was observed at both the constant (27 C) and the diurnally variable (18/27 C) temperature regimes.
The sugar content of root tissue harvested from plants exposed to diurnally varying dark and light at a constant 27 C was markedly decreased relative to that of comparable tissue harvested from plants exposed to diurnally varying temperatures (Table II) . A similar response to temperature was measured for sugar accumulation in root tissue harvested after 10 days of continuous dark (Table II) . In contrast, starch concentration in the root tissue of plants exposed either to diurnally varying dark and light or to continuous dark did not differ significantly with temperature treatment over the 10-day period. These results imply a minimal contribution from starch of root origin for the support of nodule activity during short term dark exposure.
Exposure of soybeans to 10 days of continuous dark resulted in a decrease in nodule mass compared with that of plants exposed to diurnally varying dark and light (Table II) . No significant difference was observed in the sugar or starch content of nodule tissue harvested from plants in either continuous dark or diurnally varying dark and light exposure over the 10-day period (Table II) . This observation is notable in view of the wide disparity between levels of nodule activity measured for intact soybeans in these environments (Figs. 4 and 5 
